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Abstract: The presence of circulating tumor cells (CTCs) in a patient’s bloodstream is a
hallmark of metastatic cancer. The detection and analysis of CTCs is a promising diagnostic
and prognostic strategy as they may carry useful genetic information from their derived primary
tumor, and the enumeration of CTCs in the bloodstream has been known to scale with disease
progression. However, the detection of CTCs is a highly challenging task owing to their sparse
numbers in a background of billions of background blood cells. To effectively utilize CTCs, there
is a need for an assay that can detect CTCs with high specificity and can locally enrich CTCs from
a liquid biopsy. We demonstrate a versatile methodology that addresses these needs by utilizing a
combination of nanoparticles. Enrichment is achieved using targeted magnetic nanoparticles and
high specificity detection is achieved using a ratiometric detection approach utilizing multiplexed
targeted and non-targeted surface-enhanced Raman Scattering Nanoparticles (SERS-NPs). We
demonstrate this approach with model prostate and cervical circulating tumor cells and show the
ex vivo utility of our methodology for the detection of PSMA or folate receptor over-expressing
CTCs. Our approach allows for the mitigation of interference caused by the non-specific uptake
of nanoparticles by other cells present in the bloodstream and our results from magnetically
trapped CTCs reveal over a 2000% increase in targeted SERS-NP signal over non-specifically
bound SERS-NPs.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Metastatic disease is responsible for nearly 90 percent of deaths due to cancer [1]. When a
primary tumor invades the vasculature and sheds cells into circulation, the resulting circulating
tumor cells (CTCs) spawn secondary tumors which can quickly become extremely difficult to
therapeutically manage. Furthermore, the number of CTCs present has been shown to scale with
prognostic severity [2,3]. Therefore, detection and enumeration of these CTCs can provide an
important prognostic measure for clinical decision making while planning treatment options and
determining the level of treatment aggressiveness [4]. Additionally, genetic analysis of CTCs is a
promising means of biomarker profiling for individualizing therapy selection [5,6]. However,
detection of CTCs is a highly challenging task. Typically, patients only have a few CTCs per
millilitre of blood necessitating the collection of large blood volumes which contain billions of
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blood cells in a complex bio-environment. To effectively utilize CTCs in a liquid biopsy, there is
a need to develop an assay that can enrich and quantify trapped CTCs with high specificity.
One of the currently clinically approved approaches for detecting CTCs, CellSearch, utilizes

epithelial cell adhesion molecule (EpCAM) targeting for immunomagnetic purification, along
with validation using DAPI, CD45, and cytokeratins 8, 18 and 19 [7]. However, the reliance
on EpCAM targeting can lead to a reduction in detection sensitivity as many tumor cells down-
regulate EpCAM in order to enter circulation, and it has been shown that CTCs have a greater
than ten-fold decrease in EpCAM expression compared to cell lines and carcinoma cells of
primary and metastatic tissues [8]. The reliance of this targeting moiety limits the applicability of
CellSearch to only epithelial derived CTCs that have not undergone an epithelial-to-mesenchymal
transition (EMT).
Unfortunately, many tumor cells do undergo an EMT during which the expression of targets

such as EpCAM is lost and hence, these CTCs are not captured using CellSearch [9,10]. Moreover,
this and other approaches still struggle to detect CTCs in low abundance and non-specific binding
can lead to false positive detection events. Additionally, EpCAM targeting may not be appropriate
for in vivo cytometry applications as it not a tumor-specific antigen and is also present in healthy
epithelial tissues [11].
Alternatively, more specific targeting moieties that are retained past the EMT exist. For

example, many epithelial sourced cancers such as breast, cervical and ovarian cancers significantly
overexpress the FOLR1α folate receptor compared to healthy cells [12,13] and prostate specific
membrane antigen (PSMA) is overexpressed in most prostate cancers. The upregulation of these
receptors makes them ideal candidates for CTC targeting and offers promising alternatives for
the enumeration of CTCs as their expression is retained past the EMT unlike currently targeted
markers.
In general, there could be several other useful biomarkers for detection, enumeration, and

biomarker profiling, but even low levels of non-specific binding could lead to a significant source
of false positives limiting the utility of such biomarkers when there is not a large abundance
of CTCs present. High-speed flow cytometry applications offer the possibility of multiplexed
fluorescent antibody-based detection but does not provide a means of pre-enrichment, leading
to the requirement of large blood volumes and the inability to handle large throughputs, which
precludes its widespread usage for screening applications. Differentiating specific from non-
specific binding could have significant implications for widening the spectrum of biomarkers
used for enumerating CTCs, and lead to an increased capacity for biomarker profiling.
Sensitive detection of magnetically trapped CTCs has been accomplished using various

strategies including fluorescence [14–16] and photoacoustic detection [17–23]. However,
fluorescence approaches require detection above the auto-fluorescence background and lack
sensitivity in deep tissues for in vivo applications. Photoacoustic approaches must achieve
sufficient nanoparticle targeting density to achieve signals above the background of red blood cells
and multiplexing approaches are challenging due to the broad absorption spectra of nanoparticles
and the requirements for multiple laser wavelengths pulsed fast enough to avoid motion artifacts.
Microfluidic approaches have also been employed, largely utilizing methodologies such as

immunocapture [24–26], immunofluorescence detection [27], immunomagnetic trapping [28,29]
or ligand-interactive cell rolling detection [30]. Alternatively, label-free microfluidic approaches
have also been developed which leverage physical size discrepancy between CTCs and normal
blood cells. These methods include mechanical filtering [31,32], hydrodynamic isolation [33],
dielectrophoresis [34] or acoustophoresis [35]. Although these methods are resistant to epitope
loss, they typically suffer from a high rate of false positives due physical heterogeneities present
in both CTCs and background blood cells. Microfluidic approaches are also currently not easily
translated to in vivo usage and some methods such as dielectrophoresis are limited to ex vivo
processing as it requires alteration of the bulk media with a conductive solution. Additionally,
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microfluidic approaches are fundamentally limited by low blood throughput and would be difficult
to implement for sampling the systemic blood volumes required for detecting rare CTCs.
Recently, an in vivo enrichment methodology, MagWIRE [36], has been demonstrated to

effectively utilize functionalizedmagnetic nanoparticles to enrich CTCs and a surgically implanted
wire for retrieval. However, this process is still hindered by masking of CTCs by other blood
borne particulates which may non-specifically sequester magnetic nanoparticles.

In vivo flow cytometry offers the promise of magnetic enrichment of CTCs using the whole
blood volume by using magnetic nanoparticles targeted to CTCs to facilitate specific magnetic
trapping. Galanzha et al. demonstrated in vivo flow cytometry using magnetic nanoparticles and
gold-plated carbon-nanotubes for photoacoustic detection [20]. Our previous work introduced
both magnetic nanoparticles (MNPs) and surface-enhanced Raman-scattering nanoparticles
(SERS-NPs) for in vivo magnetic enrichment and Raman-based detection of trapping events
[37]. Owing to the ultra-low background of the SERS signature, effective single-cell trapping
sensitivity could be achieved. Furthermore, SERS signatures are highly unique and can be
spectrally unmixed enabling their use in multiplexed applications. Previous work, however, did
not investigate targeting specificity and non-specific binding of nanoparticles to non-tumor cells
which could lead to false positive detection. False positives may also be due to phagocytic uptake
by immune cells.
To accomplish the aims of CTC enrichment with improved differentiation of specific and

non-specific detection, this paper introduces a novel method of nanoparticle-based magnetic
enrichment and ratiometric detection of multiplexed SERS nanoparticles. To perform this task,
we decorate magnetic nanoparticles, for trapping, and a single variant of SERS-NP, for detection,
with small molecule targeting compounds to specifically target overexpressed moieties found
on CTCs. In this study we will focus on targeted using folate and a peptidomimetic PSMA
inhibitor respectively. The folate receptor is upregulated in many forms of cancer such as cervical
and breast cancer and PSMA is upregulated in prostate cancer. When all nanoparticles are
introduced into blood containing CTCs, only cells binding to both the targeted magnetic and the
SERS nanoparticles will produce an increasing SERS signal over time [37]. To discriminate
against non-specific uptake of these nanoparticles by phagocytic cells, the uptake of targeted
SERS-NPs is compared to a second untargeted variant which exhibits receptor-independent
uptake. The highly unique SERS spectra exhibit ultra-low crosstalk, ultra-high signal-to-noise,
and are not affected by tissue auto-fluorescence. As such, we can determine the contribution
of each nanoparticle variant to the detected SERS signal. CTCs which preferentially bind to
both targeted MNPs and targeted SERS-NPs will be detectable and quantifiable against the
non-specific trapping of phagocytic and other background cells. The long-term goal of this
work is to demonstrate in vivo detection and trapping of sparse numbers of CTCs with multiplex
biomarker profiling and ultra-specific detection. As an initial demonstration of the potential of
this approach we demonstrate CTC enrichment and specific detection in an ex vivo flow phantom.
As such, we have developed a powerful and highly specific means of CTC enrichment which
retains its effectiveness past epithelial-to-mesenchymal transitions.

2. Methods

2.1. Overview of system setup

In short, a whole blood sample containing varying concentrations and phenotypes of model CTCs
is mixed with a combination of targeted and untargeted SERS nanoparticles and targeted magnetic
nanoparticles. This mixture is then pumped through a segment of tubing at varying flow rates.
A trapping region is established by placing the tubing in close proximity of a cone magnet and
the center of this trapping region is probed with our custom Raman spectroscopy system. This
system provides spectrographic data of the back-scatter from a single interrogation point where
it is expected that concentration of trapped CTCs would increase. This spectrum is collected
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over time and, using a linear-unmixing algorithm, is decomposed into the signal contribution
of its constituent SERS nanoparticle signatures, which in turn allows for the calculation of the
concentration of each SERS nanoparticle variant. Assuming all nanoparticles exhibit comparable
levels of non-specific uptake by phagocytic cells such as CTCs and WBCs and comparable levels
of random aggregation to RBCs and platelets, we expect the signal from the targeted SERS
nanoparticle variant to increase at a differing rate from the accumulation of untargeted SERS
nanoparticle signal if appropriately displaying CTCs are present. As such, the signal increase
from untargeted nanoparticles acts as a baseline for non-specific binding/uptake allowing us to
more accurately detect the presence of CTCs.

2.2. Cell lines

The HeLa cell line (CCL-2, ATCC) was used for folate receptor targeting experiments as they have
previously been shown to overexpress the FOLR1α folate receptor [12]. PC3 (CRL-1435, ATCC)
and LNCaP (CRL-1740,ATCC) which were previously transduced using lentiviral particles to
express palmitoylated green fluorescent protein (PALM-GFP) were used for prostate-specific
membrane antigen (PSMA) experiments as they are both prostate derived cell lines. Transduction
for PALM-GFP expression was required for validation experiments with fluorescence microscopy
and these specific cell lines were chosen as LNCaP cells are known to overexpress PSMAwhereas
PC3 cells do not [38]. HeLa and PC3 cells were initially grown to 80% confluency in high
glucose DMEM and LNCaP cells in RPMI 1640. For folate targeting experiments, the growth
media was aspirated, and the cells were washed once with phosphate buffered saline (PBS). The
cells were then incubated in a folate-free RPMI 1640 medium (27016021, ThermoFisher) for
6 hours prior to all experiments to eliminate the effect of free folate in the growth media as a
confounding variable. All growth media used was supplemented with 10% heat-inactivated fetal
bovine serum and 1% penicillin-streptomycin. All cell lines were within 3 – 10 passages for all
experiments.

2.3. Synthesis of the thiol reactive PSMA inhibitor

PSMA targeting was achieved using an analogue of the lysine-urea-glutamate peptidomimetic
small-molecule PSMA inhibitor, DCFPyL. In this study we will refer to this amine reactive
analogue as iPSMA to differentiate it from its fluorinated counterpart. This compound was
synthesized as outlined in our previous work [39] and the reaction scheme is summarized
in Fig. 1. In summary, first a N-succinimidyl ester of Compound 1, Glu(OtBu)-OtBu ·HCl,
solubilized in acetonitrile was synthesized by the addition of N,N′-disuccinimidyl carbonate in
the presence of triethylamine to produce Compound 2, (S)-Di-tert.-butyl-(((2,5-dioxopyrrolidin-
1-yl)oxy)carbonyl)-l-glutamate. Compound 2 was further reacted with Compound 3, µs-
benzyloxycarbonyl-l-lysine, in the presence of triethylamine. Deprotection of the benzyl
chloroformate capped amine on the resultant Compound 4, (S)-2-[3-((S)-1-tert.-Butylcarboxylate-
(5-benzyloxycarbonylpentyl)) ureido]-di-tert.-butyl pentanedioate, was then performed in the
presence of a palladium-on-carbon catalyst in a H2 atmosphere. Finally, Compound 6, the reactive
amine PSMA inhibitor, was produced by removal of the tert-butyloxycarbonyl protecting groups
using trifluoroacetic acid. TLC and 1H-NMR was performed for each intermediate and the final
product.iPSMA-PEG3400-maleimide was then synthesized by mixing maliemide-PEG3400-NHS
(PG2-MLNS-3k, Nanocs Inc.) with the reactive amine presenting iPSMA in a 2:11 ratio in a 4:1
DMSO:PBS buffer maintained at a pH of 7.4. The reaction proceeded to completion for 1.5 hours
at room temperature. The reaction mixture was then buffer exchanged by ultracentrifugation
in spin filtration tubes (14-558-443, Fisher Scientific) three times to remove DMSO and any
non-coupled iPSMA, and to buffer exchange the final compound into PBS at a pH of 6.8. Identity
of the maleimide-PEG linker-iPSMA compoundwas confirmed by NMR prior to functionalization
of nanoparticles.
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Fig. 1. PSMA inhibitor synthesis reaction scheme.

2.4. Preparation of functionalized magnetic and SERS nanoparticles

Thiolated magnetic nanoparticles with a mean diameter of 0.5µm (2108-1, chemicell) were
utilized for magnetic trapping. The particles consisted of a superparamagnetic maghemite core,
coated with an inner layer of silicon dioxide and an outer layer of silicon dioxide doped with the
fluorophore Nile Blue A (Ex/Em: 633nm/672nm). For detection of trapping events, two variants
of thiolated 120-nm Surface-Enhanced Raman scattering nanoparticles (S440 and S421, Oxonica
Materials) were utilized. The particles consisted of a 60-nm gold sphere with a Raman active
molecular monolayer adsorbed on its surface and further coated with a 30-nm thick silica shell.
The two variants of SERS-NPs used in this study were S440 (trans-1,2-Bis(4-pyridyl)-ethylene
reporter) and S421 (d8-4,4′-dipyridyl reporter), the Raman spectra of which are shown in
Fig. 2(D). All purchased nanoparticles were thiolated by the respective manufacturers. To
compensate for variable number of thiols on each batch of purchased nanoparticle, available thiol
groups present per particle type was assessed via microflow cytometry and a BODIPY depletion
assay as described in Section 2.5.

To functionalize the nanoparticles to target either folate receptors or PSMA, either folate or our
peptidomimetic PSMA inhibitor was conjugated via a strong thiol-maleimide mediated linkage.
First, folate-PEG5000-maleimide (PG2-FAML-5k, Nanocs) or iPSMA-PEG3400-maleimide and
mPEG2000-maleimide (JKA3124, Sigma-Aldrich) were solubilized in PBS at a 1:5 molar ratio.
The solution of PEG-linkers were then mixed with thiolated MNPs at 5:1 maleimide:thiol molar
excess. The suspension was then thoroughly vortexed for 5 minutes and sonicated in a 37 ◦C
water bath for 15 minutes to remove aggregation of nanoparticles. Although the maleimide-thiol
reaction occurs rapidly, the suspension was left overnight agitating on a rocker at room temperature
to allow the reaction to reach completion and ensure maximum conjugation. The nanoparticles
were then washed by pelleting the nanoparticles using centrifugation for 7 minutes at 15, 000×g
followed by aspiration of the supernatant and resuspension in an equivalent amount of degassed
PBS. This washing procedure was performed 3 times to remove all unreacted PEG linkers. The
entire procedure outlined above was performed a second time to ensure maximal functionalization
and lastly a final run was performed with only mPEG2000-maleimide to ensure the capping
of any remaining thiols. The nanoparticles were finally pelleted down by centrifugation at
15, 000 × g and resuspended in PBS. Functionalized S421 SERS-NPs were prepared in the same
manner as MNPs. Capped, non-targeted S440 SERS-NPs were also produced using the above
procedure solely using mPEG2000-maleimide in all reaction steps. Schematic depictions of the
nanoparticles are shown in Fig. 3.
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Fig. 2. Schematic (A) and photograph (B) of Raman spectrometry system, diagram of
trapping and detection scheme (C), SERS signatures of the nanoparticle variants used (D)
and example output of spectrometer during trapping (E).

2.5. Nanoparticle characterization

2.5.1. SERS-NP characterization by microflow cytometry

As the SERS nanoparticles purchased were subject to batch dependant variations, we employed
micro-flow cytometry as a means of semi-quantitatively assessing available thiol groups for
conjugation to a PEGylated folate. CF 633-maleimide dye (SCJ4600038, Sigma-Aldrich)
was combined with each of the SERS-NP variants in a 1000 fluorophore per nanoparticle
concentration. To ensure maximal binding of CF 633 to the nanoparticles, the suspension was
vortexed for 5 minutes, sonicated for 15 minutes and left to agitate on a rocker overnight at room
temperature. The nanoparticles were then separated from unbound fluorophore by 6 rounds
of wash-centrifugation (15, 000 × g, 7 min each). The final pellet was resuspended in PBS
to contain a final concentration of 1 × 106 particles/mL. This suspension was analyzed on an
Apogee A50 micro-flow cytometer. Large and small angle light scatter data at 405nm along
with fluorescence intensity under a 638nm excitation source were collected as summarized in
Figs. 4. Gating for fluorescence intensity above an observed auto-fluorescence threshold for the
undyed nanoparticles was performed to quantify the number of CF 633 positive events. All flow
experiments were repeated on 5 separate aliquots of each nanoparticle. This analysis allowed us
to identify that the S421 variant of SERS-NP exhibited greater amounts of available thiol groups
compared to the S440 variant as on average, 88% of S421 SERS-NPs conjugated to the CF 633
above the detection threshold compared to only 35% for S440 (n = 3). As such, the S421 variant
was functionalized with folate and the remaining thiol groups on the S440 were capped with
DPSE-PEG5000-malemide and were used to assess non-specific uptake.

2.5.2. BODIPY depletion assay for reactive thiol quantification

A spectrometric assay was employed to better quantify the number of thiols present on the
nanoparticles which requires a much smaller number of nanoparticles than more traditional
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Fig. 3. Diagrams of targeted magnetic nanoparticles (A), targeted SERS nanoparticles
(B) and untargeted SERS nanoparticles (C). Chemical structures of PSMA targeted-, folate
targeted- and untargeted-nanoparticles are presented in the insets.
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Fig. 4. Representative Flow Cytometry Analysis of CF 633-maleimide loading on S421 (A)
and S440 (B) SERS NPs.

methods of thiol quantification such as Ellman’s reagent assays. Thiol-loading of the nanoparticles
was determined measuring the depletion of BODIPY FL tagged maleimide present in solution due
to the sequestration of the fluorophore. Firstly, BODIPY FL-maleimide (B10250, ThermoFisher)
was dissolved in 20% dimethylformamide in ddH2O, and a standard curve was produced for
concentrations between 0µM and 400µM. In three separate vials, 300µL of S421 (400µg dry
mass), 300µL of S440 (300µg dry mass) and 200µL of screenMAG-Thiol/R nanoparticles
(1000µg dry mass) were pelleted and washed with ddH2O. Next, 200µL of 100µM BODIPY
FL-Maleimide solution was added to each nanoparticle suspension. The nanoparticles were
allowed to thoroughly mix with BODIPY FL maleimide by vortexing and sonication for a
minimum of 15 minutes each and allowed to react over agitation on a rocker for 2 hours. The
nanoparticles were then pelleted by centrifugation at 15, 000 × g for 7 minutes and 100µL of
nanoparticle-free supernatant was measured spectrophotometrically at 490nm. The interpolated
concentrations of BODIPY FL in the supernatant were then subtracted from the 100µM value
to measure the loss due to maleimide-thiol binding onto the nanoparticles. From this assay,
we ascertained that S440 contained 29.0µmol thiol per gram of nanoparticles, S421 contained
40.0µmol/g, and the magnetic nanoparticles contained 3.0µmol/g. These results further support
the use of the S421 variant for folate receptor targeting as they express greater number of thiols
available for functionalization.

2.5.3. Nanoparticle morphology characterization by electron microscopy and energy dispersive
X-ray spectroscopy

All nanoparticle suspensions used were imaged using field-emission scanning electronmicroscopy
(FESEM) as shown in Fig. 5. Samples were prepared for imaging by spin-coating a 1-cm×1-cm
silicon wafer substrate with each of the nanoparticle suspensions. After the coated wafers were
allowed to dry, the samples were subsequently sputter-coated with a 4nm carbon layer to improve
conductivity. Samples were imaged in a Zeiss Sigma FESEM utilizing 5 kV of electron high
tension voltage. As seen in Figs. 5(A)-C, the addition of varying functionalized groups on
the surface of the magnetic nanoparticles had limited effect on the morphology nor size of the
particle. This is also observed with the S421 SERS nanoparticles in Figs. 5(D)-F and the S440
SERS nanoparticles in Figs. 5(G) and (H). The lack of change in morphology of the SERS
nanoparticles with varying functionalizations is preferable as this consistency ensures optical
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properties remain constant despite varying surface functionalization. Furthermore, representative
small feild of view images of individual reactive thiol functionalized nanoparticles with sizing
information is presented in Figs. 5(I)-K.

Fig. 5. FESEM images of all nanoparticle formulations: magnetic nanoparticles with
(A) reactive thiols, (B) folate, and (C) PSMA inhibitor functionalizations; S421 SERS
nanoparticles with (D) reactive thiols, (E) folate, and (F) PSMA inhibitor functionalizations;
S440 SERS nanoparticles with (G) reactive thiols, and (H) methoxy group capped func-
tionalizations. Representative close-up images with sizing information of a reactive thiol
functionalized (I) magnetic, (J) S421 SERS, and (K) S440 SERS nanoparticle.

Furthermore, electron disperive X-ray spectroscopy (EDX) was perfromed to provide com-
positional information as shown in Fig. 6. Figures 6(A)-D show a representative region of
reactive thiol functionalized magnetic nanoparticles and Fig. 6(E) presents the elemental mapping
information; notable peaks are observed correspondig to the presence of an iron core, silica
coating and thiol surface functionalization. Figures 6(F)-I show a representative region of reactive
thiol functionalized S421 SERS nanoparticles and Fig. 6(J) presents the elemental mapping
information; notable peaks are observed corresponding to the presence of a gold core, silica
coating and thiol surface functionalization.

2.5.4. Hydrodynamic radius measurement by nanoparticle tracking analysis

Nanoparticle Tracking Analysis was employed to measure the hydrodynamic radii of all popula-
tions of produced nanoparticles. These measurements were performed on a NanoSight LM10
(Malvern) utilizing a 45-mW, 405-nm light source and a sCMOS camera which was calibrated
using a 100-nm polystyrene size standards prior to experimental measurements. To avoid senor
over-saturation, the nanoparticle formulations were diluted in PBS to attain 20-80 particles per
frame. For each nanoparticle formulation, three 60-second videos were captured at a camera
level of 8. Temperature was maintained between 25 ◦C and 27 ◦C and the temperature value
used in analysis was adjusted accordingly. After capture, the videos were analyzed using the
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Fig. 6. EDX analysis of reactive thiol functionalized (A-E) magnetic nanoparticles and
(F-J) S421 SERS nanoparticles.

NanoSight Software NTA 3.3 with a detection threshold of 4. The results of hydrodynamic radii
measurement is presented in Fig. 7 and statistically summarized in Table 1. Notably, particle
species containing reactive thiols (ie. prior to fuctionalization with PEG linkers) consistently
had lower hydrodynamic radii to their fuctionalized counterparts. This is to be expected as the
addition of long chain PEG linkers is expected to increase the hydrodynamic radius and gives
further credence to the effective functionalization of nanoparticle formulations. All nanoparticle
formulations were also fairly monodisperse with only a single primary population peak.

Table 1. Statistical summary of hydrodynamic radii measurements of all nanoparticle formulations.

Functionalization
S421 S440 MNP

mean [nm] SD [nm] mean [nm] SD [nm] mean [nm] SD [nm]

Reactive thiol (-Thiol) 89.9 ± 1.5 18.6 ± 1.3 73.2 ± 0.9 12.8 ± 1.5 255.3 ± 8.2 38.61 ± 3.1

Methoxy capped (-MeO) 194.5 ± 8.1 36.2 ± 6.1 157.7 ± 3.2 32.3 ± 4.1 524.9 ± 18.1 63.1 ± 9.1

Folate (-FA) 188.9 ± 2.6 33.1 ± 3.1 190.7 ± 1.1 38.1 ± 3.2 520.9 ± 23.6 25.6 ± 12.2

PSMA inhibitor (-iPSMA) 200.0 ± 6.2 54.1 ± 6.4 192.7 ± 11.7 35.7 ± 7.9 556.2 ± 19.3 63.1 ± 14.1
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Fig. 7. Nanoparticle Tracking Analysis measurements of (A) S421 SERS, (B) S440 SERS
and (C) magnetic nanoparticle species with either reactive thiol, methoxy group capped,
folate or PSMA inhibitor functionalizations. n = 3

2.5.5. Zeta potential

Zeta potential measurements of the nanoparticle formulations dispersed in phosphate buffered
saline were measured using a phase analysis light scattering-based analyzer (ZetaPALS,
Brookhaven) and summarized in Table 2. Utilizing ±30mV as a cut-off for stability in ac-
cordance with the literature, the original thiolated nanoparticle formulations exist within the
stable regime and would exhibit limited flocculation. The addition of a surface coating for
methoxy capped, folate functionalized and PSMA inhibitor functionalized formulations is verified
by the significant reduction in the magnitude of zeta potentials. It is also noteable that the
change in zeta potential is far greater in the formulations functionalized with folate or PSMA
inhibitor as those are bound using longer PEG-chain linkers. These changes in zeta potential are
expected however and do not reduce formulation stability as the addition of a PEG layer induces
the formation of a hydration shell that imbues sterical stability. Furthermore, the reduction of
zeta potential magnitude is preferable for biocompatibility as recognition by the immune and
complement system is suppressed [40].

Table 2. Statistical summary of hydrodynamic radii measurements of all nanoparticle formulations.

Functionalization
S421 S440 NP

mean [mV] SD [mV] mean [mV] SD [mV] mean [mV] SD [mV]

Reactive thiol (-Thiol) −37.5 3.7 −32.6 5.9 −45.3 7.2

Methoxy capped (-MeO) −7.3 5.1 −10.4 5.8 −22.1 11.7

Folate (-FA) −1.2 0.5 −2.4 0.8 −9.8 5.3

PSMA inhibitor (-iPSMA) −3.2 0.4 −4.5 0.9 −9.7 1.7

2.5.6. UV-Vis absorption spectroscopy

UV-Vis absorption spectroscopy measurements of all nanoparticle formulations is presented in
Fig. 8. These measurements were performed using a plate spectrometer (FLUOstar Omega, BMG
Labtech). As shown in Fig. 8(A) and 8(B), in all S421 and S440 SERS nanoparticle formulations,
an absorption peak is noted at approximately 545 nm which corresponds to the characteristic
localized surface plasmon resonance peak of gold nanoparticles in the 100-nm diameter size
range. However, to prevent dampening of the SERS effect due to the interband transition of gold
[41], we utilized the supplier suggested exciation wavelength at 785-nm for Raman spectroscopy
experiments. No such absorption peak was noted for the magnetic nanoparticle formulations
as shown in Fig. 8(C) suggesting these particles would not interfere with Raman Spectroscopy.
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Furthermore, it is also worth noting the lack of appreciable change in the absorption peaks for
varying functionalizations which suggests the surface functionalizations used for targeting would
not have an appreciable effect on the nanoparticle optical properties.

Fig. 8. UV-Vis absoprtion spectroscopy measurements of (A) S421 SERS, (B) S440 SERS
and (C) magnetic nanoparticle species with either reactive thiol, methoxy group capped,
folate or PSMA inhibitor functionalizations.

2.6. Fluorescence microscopy for targeting validation

Cells were grown on coverslips with the same growth parameters as earlier stated and incubated
with 1.5 × 109 MNPs/mL for 30 minutes. The cells were then washed 3 times in PBS and fixed
in 4% paraformaldehyde. Hoechst 33342 (14533, Sigma-Aldrich) was used to stain the nucleus
and HeLa cell membranes were stained with Alexa Fluor 488, wheat germ agglutin (W11261,
FisherScientific). Imaging was performed on a Nikon A1r MP microscope equipped with a
63x/1.40 Oil objective.

2.7. Magnetic trapping and raman imaging system

Magnetic trapping was achieved using a 1′′ cone magnet (Cone0100N, SuperMagnetMan) with
the tip pointed towards a 0.015′′ ID polyurethane tube (PU-033, SAI Infusion Technologies)
positioned at the focal point of the optical system. Nanoparticles were added to 1mL of
heparinized whole rat blood and mixed for 5 minutes on a rocker at room temperature. The
blood suspensions were then loaded into 1mL syringes (309659, Becton-Dickinson) connected
to 27G × 1/2′′ hypodermic needles (305109, Becton-Dickinson) and were pumped through
the tube by a syringe pump (NE-300, New Era Pump Systems). An illustration of the optical
system is shown in Fig. 2(A). The excitation source used for imaging was a 785nm Raman
laser (FB-785-350-FM-FS-1-1, RGBLase) which provides a maximum output of 350mW with a
20-dB spectral linewidth of 0.4 nm and side lobe suppression ratio >40dB. An aspheric lens
(A240TM-B, Thorlabs) with a 0.5 numerical aperture and 8-mm focal length was used to focus
both the excitation beam and resultant backscatter. Collimated backscattered light from the
sample was redirected towards the input aperture of the imaging spectrometer using an 805nm
cut-off dichroic mirror (DMSP805L, Thorlabs) and focused via a 0.3 numerical aperture lens
(AC127-019-B-ML, Thorlabs). Optical alignment of both the excitation beam and backscatter
was controlled by adjusting four 750 – 1100nm broadband dielectric mirrors (BB1-E03, Thorlabs).
Raman spectra were captured using a custom Raman imaging spectrometer (RASPPEC-785-HR,
P&P Optica) which offers a spectral resolution of 10 cm−1 with an f-number of 3.5. Backscattered
light entered the spectrometer through an input aperture slit size of 15µm × 26mm and was
collimated through a gel grating (900 L/cm, λ = 815 to 895nm), passed through a 21 ◦ bend and
refocused onto a 1600-pixel × 400-pixel front-illuminated EMCCD array (DU971NUV, Andor
Technology). Pixel elements were 16 µm × 16 µm and only 5-pixel vertical spatial channels were
used for point illumination and collection in this study. In future studies, multiple points could
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be spectrally imaged simultaneously on unused channels. Algorithms to correct for spherical
aberrations on the camera sensor were provided by the spectrometer manufacturer. All imaging
was performed with an EM gain of 10 over a 3 second integration time. To minimize electronic
noise, the system was cooled to −55 ◦C prior to imaging. Spectral unmixing was preformed in
MATLAB using a linear least-squares method with a positivity constraint as per the following
equation: min®c(t) | |®S®c(t) − ®M(t)| |2, in which ®S contains individual component spectra, ®M(t) is the
measured spectra at time t, and ®c(t) is the unknown component concentrations. The spectral
signatures from the following components were spectrally unmixed: S421 SERS-NPs, S440
SERS-NPs, MNPs, whole rat blood, HeLa cells in PBS, polyurethane tubing and noise expected
from ambient light. The spectral signature of each component was re-acquired immediately prior
to each experimental run and compared to maintain consistency.

2.8. Trapping experiments

Trapping experiments were performed at an internal tube flow rate of 10mm/s (1.14µL/s) inside
the tubing unless otherwise stated. Cells were counted using a hemocytometer and diluted into
whole rat blood at 106 HeLa cells/mL blood. MNPs and both variants of SERS-NPs were added
such that the blood suspension had a final concentration of 1.5 × 109 MNPs/mL and 3.2 × 1010
SERS nanoparticles/mL. For blocking studies, folate was added to the blood suspensions achieve
a 50µM concentration. All samples were subsequently agitated on a rocker for 20 minutes
at room temperature prior to flow-trapping experiments. All flow-trapping experiments were
performed on 1 mL total of blood-model CTC-NPmixtures flowed over approximately 15 minutes
at room temperature and the resultant magnetically trapped bolus was imaged and unmixed to
calculate the contribution of each SERS-NP variant to the detected signal. All imaging was
performed under an excitation of 60mW at the focal point. Trapping was performed for each
experimental condition in a minimum of 5 trials and the results were compared using two-tailed
t-tests assuming unequal variance (n ≥ 5, α = 0.05).

3. Results

3.1. Assessment of non-specific uptake of thiolated nanoparticles

We first established that both variants of SERS-NPs exhibited equivalent non-specific uptake. This
was performed by incubating HeLa cells with folate-MNPs, thiol-S440-NPs and thiol-S421-NPs.
Nanoparticles were also added to whole blood lacking tumor cells to assess uptake by phagocytic
cells. The non-specific uptake of both variants of thiolated SERS nanoparticles by both HeLa
and blood cells was assessed and the results are shown in the first four datasets in Fig. 9(A). As
expected, the uptake of both untargeted SERS-NP variants was within error of each other in
both, blood alone and blood containing HeLa cells. Ratiometrically comparing the uptake of
untargeted S421-NPs versus untargeted S440-NPs, HeLa cells did not show a significant increase
in preferential uptake compared to blood (p = 0.19) and was within error of unity as shown in
Fig. 9(B). The observation of a signal due to non-specific uptake validates the need for a method
that discriminates between specific and non-specific trapping events.

3.2. Assessment of specific uptake of folate targeted nanoparticles

Flow trapping experiments were performed using the folate receptor targeted S421 and untargeted
S440 nanoparticles to demonstrate the enhanced specificity afforded by using spectrally distinct
variants of SERS-NPs. As shown in Fig. 9(A), suspensions containing HeLa cells had 22.7 times
greater uptake of folate conjugated S421 than untargeted S440 (p = 1.94 × 10−5) whereas the
comparative uptake in only blood was not significantly different (p = 0.68).
Comparing the ratiometric analysis in Fig. 9(B), the disparity in uptake by HeLa cells was

significantly higher than in only blood (p = 6.15 × 10−5). Furthermore, there is a significant
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Fig. 9. Unmixed SERS-NP signal intensities (A), ratiometric analysis (B) of folate targeting
experiments and time resolved trapping curves (C) of ratiometric SERS-NP signal at various
model CTC dilutions. n ≥ 5

increase in ratiometric uptake by HeLa containing samples with one targeted variant compared to
the uptake seen when both variants of SERS-NPs were left untargeted (p = 5.92 × 10−5). These
results confidently demonstrate the efficacy of targeting as the increase in folate-S421-NP signal
is due to the binding of both folate receptor targeting MNPs and S421s bound to HeLa cells.
Ratiometric detection here is shown to provide an effective discriminatory measure to ensure
specificity of detection.

3.3. Blocking study and microscopy for validation of folate targeting mechanism

To further validate the folate-mediated mechanism of targeting, a blocking study was performed
by introducing an excess of free folate to saturate folate receptors prior to nanoparticle loading.
Blocking was performed by adding 50µM of free folate to the blood/HeLa suspension prior to
incubation with nanoparticles. As shown in Fig. 9(A), in either blood suspensions with or without
HeLa cells, there was no significant difference in the calculated uptake of S421-folate versus
S440-mPEG (p = 0.06 and p = 0.13 respectively) after blocking. When compared ratiometrically,
there was a significant difference in the ratiometric uptake of particles between blood suspensions
with or without HeLa cells (p = 0.04). This implies that 50µM of free folate may not have been
enough to fully block targeting. However, as shown in Fig. 9(B), there is a marked decrease
in ratiometric uptake in HeLa cell suspensions after blocking (p = 2.73 × 10−5) which does
not occur in blood alone verifying that folate receptor targeted nanoparticles indeed experience
preferential uptake by HeLa cells. Furthermore, fluorescence microscopy was used to validate
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folate mediated targeting. As apparent in Fig. 10, blocking in excess folate resulted in lower
uptake of fluorescent folate conjugated magnetic nanoparticles.

Fig. 10. Maximum intensity projection of fluorescence microscopy images of HeLa cells
incubated with folate conjugated fluorescent magnetic nanoparticles(red) without(A) and
with(B) blocking in excess folate. Counterstained with Alexa Fluor 488, WGA membrane
stain(green) and Hoechst 33342 nuclear stain(blue).

3.4. Assessment of trapping and detection sensitivity in serial dilutions

To validate the detection of discrete trapping events and the capacity to detect increasingly sparse
concentrations of circulating tumor cells, serial dilutions of HeLa cells in blood were used, the
results of which are shown in Fig. 9(C). The same quantities of each SERS-NP variant and MNPs
as prior experiments were incubated with blood containing 1× 106, 5× 105, 2.5× 105 and 1× 105
HeLa cells/mL. For all endpoint experiments, serial dilutions were flowed through the tubing
at 15mm/s (1.71µL/s) and the Raman signal was measured over 480 seconds. After spectral
unmixing, the ratiometric S421-folate/S440-mPEG signal increased over time as greater trapping
events occurred with a slower rate of increase with each subsequent dilution. Furthermore,
using linear regression, it is observed that rate of valid trapping events observed approximately
corresponds with the serial dilution used (i.e. 1:4 dilution resulted in around 1/4th rate of
trapping). We have previously observed that approximately 300 SERS-NPs result in a unitary
signal-to-noise ratio of 123 [42]. Given that tumor cells may have anywhere from 103 to 105
folate-receptor binding sites [43], this suggests that near single-cell detection capabilities are
possible and our ratiometric approach would be a powerful method of identifying trapped CTCs.

3.5. Assessment of specific uptake of PSMA targeted nanoparticles

To further expand this methodology for use in prostatic cancers, flow trapping experiments
were performed using the PSMA targeted S421 and untargeted S440 nanoparticles. Trapping
experiments were performed with PSMA(+) LNCaP model CTCs and PSMA(-) PC3 model CTCs
and as shown in Fig. 11, samples containing LNCaP derived model CTCs, on average, resulted in
5 times greater ratiometric signal compared to PC3 cells or blood alone. The ratiometric analysis
shows that there is a significantly higher signal from LNCaP cells than PC3 cells (p = 3.25×10−3)
and in only blood (p = 5.28× 10−3). These results confidently demonstrate the efficacy of PSMA
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targeting as the increase in iPSMA-S421-NP signal is due to the binding of both PSMA targeting
MNPs and S421s bound to LNCaP cells.

Fig. 11. Unmixed SERS-NP signal intensities (A), ratiometric analysis (B) and representative
time resolved trapping curves (C) of PSMA targeting experiments.n ≥ 5.

Trapping curves over time are shown in Fig. 11(C). The ratiometric signal is observed to be
near unity for PC3 and blood-born cells lines however LNCaP model CTC suspensions show a
dramatic rise in signal during the first 5 minutes. Although individual SERS signals continue
to increase throughout the entirety of the trapping experiment, the ratiometric signal reaches
a plateau at 5 minutes as the further trapping of additional LNCaP cells does not change the
detected ratio of targeted to untargeted SERS particles.

Furthermore, fluorescence microscopy was performed to validate the PSMA-mediate mecha-
nism of targeting. First, a conventional fluorescent antibody was used to verify that the LNCaP
and PC3 cell lines used in this experiment were PSMA positive and negative respectively as
shown in Fig. 12(A) and (B). These images were then compared to microscopy performed with
LNCaP and PC3 cells incubated in our iPSMA targeted fluorescent magnetic nanoparticles. As
shown in Fig. 12(C) and (E), the attachment of MNPs coincides with the presence of PSMA
expression in the cell line. Some targeted nanoparticles however still attach to the PSMA- PC3s
and this can be attributed to the large size of the MNPs compared to antibodies which promotes
non-specific uptake through means such as phagocytosis. This further demonstrates the need for
our ratiometric approach to help mitigate the presence of non-specific uptake which will always be
present for nanoparticle-based assays. A blocking experiment was also performed in Fig. 12(D)
using excess free PSMA inhibitor which resulted in lower targeted MNP attachment. Lastly, to
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better illustrate magnetic trapping, LNCaP-PALM-GFP cells incubated with iPSMA-targeted
magnetic nanoparticles were flowed through a tube phantom in contact with a cone magnet
and trapping was imaged using a low magnification objective fluorescence microscope. The
results of this demonstration are shown in Visualization 1, wherein we can visually observe an
accumulation of fluorescent cells within the magnetic trapping region over time.

Fig. 12. Maximum intensity projection of fluorescence microscopy images of LNCaP-
PALM-GFP (A) and PC3-PALM-GFP (B) cells stained with anti-PSMA-Cy5 (red) as well
as LNaP-PALM-GFP without (C) and with (D) blocking in excess free PSMA inhibitor and
PC3-PALM-GFP (E) cells incubated with PSMA inhibitor conjugated fluorescent magnetic
nanoparticles(red). Counterstained and Hoechst 33342 nuclear stain(blue) and endogenously
expressing PALM-GFP(green) on the membrane.

4. Discussion

In this study, we were able to use the highly unique Raman spectra of two variants of SERS
nanoparticles to ratiometrically discriminate the uptake due to targeting versus non-specific
mechanisms. Increased SERS signal from targeted nanoparticles was observed and themechanism
of targeting was verified by a blocking study. The ratiometric signal was also observed to increase
with greater trapping times and the rate of signal increase corresponded to the concentration of
model CTCs present. This work demonstrates the feasibility of targeted SERS-based multiplex
detection and enrichment of model CTCs in an ex vivo model and offers several advantages: (1)
the Raman scattering signature of each Raman reporter on the SERS nanoparticles is highly
unique allowing for extremely effective multiplexing and can be detected with high sensitivity
unlike traditional fluorophores which suffer from spectral overlap and low signal intensities.
(2) Detectable Raman signals are only produced by SERS nanoparticles allowing for a higher
signal to noise ratio unlike fluorescence-based approaches which suffer from auto-fluorescence
background. (3) folate receptor and PSMA targeting allows us to maintain targeting efficacy

https://doi.org/10.6084/m9.figshare.12977231
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past epithelial-to-mesenchymal transitions. (4) Targeting using small molecule compounds is
a more consistent and readily available targeting moiety compared to antibodies. (5) Versatile
thiol-maleimide mediated nanoparticle functionalization enables the use of a large variety of
compounds for functionalization past folate receptor and PSMA targeting. (6) The ratiometric
approach effectively normalizes the observed signal from the targeted nanoparticle against
background non-specific uptake which acts as a built-in standard to account for injection-to-
injection variations.
Although this methodology shows promise, we do recognize several hurdles that would

need to be dealt with to achieve in vivo utility. Most notable would be the need to gain
FDA-approval for in vivo nanoparticle use [44]. Although they are made of relatively inert,
biocompatible materials such as gold and silica and PEGylation greatly reduces cytotoxicity,
the systemic toxicity and clearance rates of such particle constructs would need to be properly
established. We have however demonstrated one approach to reduce cytotoxicity by utilizing low
toxicity thiol-maleimide mediated functionalization. Compared to the commonly used biotin-
streptavidin functionalization methods, thiol-maleimide exhibits far lesser toxicity while still
providing a versatile functionalization platform to conjugate various biomarker targeting agents.
Further experimentation could also be performed with other bio-orthogonal and click-chemistry
procedures to further increase in vivo applicability.
Furthermore, clearance rates of these nanoparticle constructs in the bloodstream would also

need to be assessed and larger dosages may be required to offset short clearance times. Varying
levels and lengths of PEGylation again have shown to mitigate this to some extent as it masks
these agents from the immune system and decreases renal clearance rates [40]

Even with ex vivo blood samples, our approach could prove useful for rapid assessment of the
presence of CTCs with high specificity, which, if present, would help guide the decision to do
more costly biomarker or single cell assays, and to do these with enriched cell populations.
Our previous work has determined a sensitivity of approximately 100 SERS-NPs [37] and

we expect that we would be able to detect CTCs with near single cell capabilities as each CTC
could bind to nearly 20,000 nanoparticles. Therefore, only a single cell would need to be trapped
in order to detect an increased signal. Additionally, by utilizing more spatial channels on our
spectrometer, we can also expand our optical system to simultaneously image multiple spots to
allow for a larger trapping region. Deeper imaging may also be possible using higher fluence and
longer optical wavelengths where tissue scattering is weaker.

We have effectively leveraged the multiplexing capability of SERS nanoparticles to discriminate
between specific and non-specific uptake of targeted nanoparticles. This combined with earlier
demonstrations of magnetic enrichment of CTCs allows to produce a highly sensitive and
specific assay for detection of CTCs that overexpress cancer specific markers such as PSMA.
By discriminating between non-specific and specific trapping events, we can better quantify the
number of CTCs trapped as opposed to uptake from irrelevant phagocytic cells which can allow
us to determine when an adequate number of CTCs have been trapped.
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